Changes in firn properties affect the shape of pulse-limited radar altimeter echoes acquired over the polar ice sheets. We apply a waveform deconvolution model to CryoSat-2 low-resolution mode echoes to determine the depth distribution of radar backscattering across the Greenland Ice Sheet. The deconvolution allows us to calculate the relative contributions of surface and volume scattering and the effective penetration depth of the radar echoes into the snowpack. The most prominent signal is associated with the extreme surface melting of summer 2012, which resulted in a shift of the dominant radar scattering horizon toward the snow surface in the accumulation zone. At locations above 2000 m, the average penetration depth in July 2012 (prior to the melt event) was 3.79 ± 1.12 m. Following the melt event, there was an abrupt reduction in the average penetration depth across the same region to 1.45 ± 0.94 m. The average penetration depth then gradually increased to 3.28 ± 1.13 m by the end of 2017, as fresh snow accumulated on the ice sheet surface. Although the variation in penetration is evident in surface height estimates derived from the CryoSat-2 echoes, the magnitude of the effect is reduced by waveform retracking. Using airborne laser altimeter data recorded over the same time period, we show that the penetration variation can be compensated effectively by incorporating the deconvolution penetration depth into the surface height retrieval.
understanding of the Greenland Ice Sheet, resolving detailed patterns of thinning across dynamic marine-terminating glaciers and in the ice sheet margins, where surface melting occurs each summer [1] [2] [3] [4] [5] [6] [7] . Satellite radar altimeters transmit a microwave pulse at nadir and record backscattered power as a function of time delay (the echo). Over ice, the shape of altimeter echoes is complicated by: 1) ice sheet topography (surface scattering) and 2) the Ku-band radar penetrating several meters beyond the snow surface (volume scattering) [8] [9] [10] [11] [12] . The depth of radar penetration is dependent on the physical properties of the ice sheet surface and near-surface snowpack (e.g., grain size, density, and liquid water content) [13] , which exhibit both spatial and seasonal variabilities [14] . The precise height of the ice sheet surface is estimated from altimeter echoes through retracking algorithms, designed to be less sensitive to fluctuations in penetration by focusing on the surface scattering contribution to the echo leading edge [3] , [15] .
In July 2012, an unprecedented proportion (98.6%) of the Greenland Ice Sheet experienced surface melting as increased transport of warm air from the south created anomalously high temperatures [16] , [17] . This event was clearly visible in passive and active microwave imagery [16] , [18] , [19] , extending inland to high-altitude regions (approximately > 2800 m.a.s.l.) which had not seen melting during the satellite era [20] . Meltwater percolated and re-froze in a layer near to the snow surface [16] , altering the physical properties of the firn layer within which radar altimeter echoes are scattered. Across the ice sheet interior, an apparent 89 ± 49 cm increase in surface elevation was recorded in uncorrected CryoSat-2 satellite radar altimeter elevation data after the melt event [21] . A range of approaches have been employed to mitigate this effect, including applying: 1) threshold retrackers [3] , [5] , which are less sensitive to variations in volume scattering; 2) a step offset to the affected elevation time series [4] ; and 3) a correction to retracked heights based upon correlated fluctuations between elevation change and several echo parameters, including the leading edge width, trailing edge slope, and backscatter coefficient [6] , [7] . Here, we employ a waveform deconvolution model to CryoSat-2 data to retrieve the depth distribution of radar scattering across the interior of the Greenland Ice Sheet and to compensate surface height retrievals for the effects of temporal variations in firn properties.
II. DATA AND METHODS

A. Penetration Depth
CryoSat-2, launched in 2010, was designed to overcome challenges faced by previous satellite radar altimeters over Earth's polar regions. Equipped with a novel synthetic aperture radar altimeter and interferometer providing high-spatial-resolution measurements in the areas of steep terrain, CryoSat-2 observes to latitudes of ± 88 • , with a long-period, drifting orbit (369-day repeat period with a 30-day subcycle), which affords a high density of orbit crossovers at the poles [11] . Across the interior of the Greenland Ice Sheet, CryoSat-2 acquires measurements in low-resolution mode (LRM), where it operates like a traditional pulse-limited altimeter illuminating a ground footprint of 1.5 km diameter [22] . Previous studies have investigated the effects of variable surface and volume scattering on altimeter echoes acquired over ice sheets through fitting a theoretical model to both averaged [9] , [23] and individual altimeter echoes [24] . Here, we investigate the spatial and temporal variations in the degree of radar penetration into the Greenland Ice Sheet, using CryoSat-2 Level 1b baseline-C data acquired between January 2011 and December 2017 and a numerical deconvolution technique [10] , [25] designed to separate the effects of scattering from the surface and from greater depth within the snowpack. This model assumes that the effects of large-scale surface slope and footprint-scale topographic undulations upon the waveform shape are negligible and is therefore only appropriate in areas of flat terrain.
First, we describe CryoSat-2 echoes as a convolution of three functions [8] , [26] 
where P R (t) is the pulse received at the antenna as a function of time, t, P T (t) is the transmitted pulse shape, P FS (t) is the normalized flat surface impulse response, and P D (t) is the distribution of backscattered power with depth and surface roughness height. P FS (t) represents the echo that would be recovered from an ideal flat surface if a delta function were transmitted, if no penetration occurred, and if the flat surface had a backscatter coefficient equal to unity. In this way, P D (t) contains both the surface and volume backscattering cross sections. Over ice sheets, P D (t) contains all scattering contributions from both the ice sheet surface and due to the penetration of the radar pulse into the snowpack. The Fourier transform of a convolution of time-dependent functions is equal to the product of their spectra in the frequency domain, ω. Utilizing this property, (1) can be re-written as
where ↔ denotes the Fourier transform operation. By performing the Fourier transform, we are able to isolate the distribution of scattering with depth and surface roughness height, P D (t), by removing convolved scattering contributions outside the point of closest approach (POCA) within a given radar footprint in the frequency domain. Before deconvolving, we downsample the CryoSat-2 echoes from 20 to 1 Hz in order to reduce the effects of speckle noise, because individual echoes are more distorted by topography within the radar footprint than their average. Rearranging and rewriting (2) give
where P T (ω)P FS (ω) is the product of the transmitted and the mean flat surface impulse response spectra, and (ω) is a Gaussian low-pass smoothing filter with a standard deviation of 40 frequency bins. As an empirical approximation for P T (ω)P FS (ω), we assume that the average impulse response of a flat ice sheet is equal to that of a uniformly rough ocean surface [i.e., P D (t) approaches that of a Dirac delta function, δ(t)]. To estimate this response, we use the mean of a set of CryoSat-2 LRM echoes acquired over a region of the Mediterranean Sea where the significant wave height is less than 0.1 m and the impact of surface roughness on the waveform is minimized. In order to obtain information about the scattering properties of the illuminated snowpack, we fit an analytical function [10] to the resulting deconvolutions (4), P D (t) through a non-linear least-squares regression (using the Levenberg-Marquardt algorithm [27] ) such that
where σ 0 surf is the surface backscatter cross section, σ 0 vol is the depth-integrated volume backscatter, k e is the extinction coefficient, γ is the leading edge width, andt is the leading edge time delay (see Fig. 1 ). The leading edge width and the delay time refer to those that apply after the ocean echo has been removed following the application of the smoothing filter. The influence of the significant wave height and smoothing filter on the modeled leading edge width is small relative to the effects of surface roughness and the depth of radar penetration. We use c ice = 2.2 ×10 8 m/s, which is a common value for the speed of light in densities typical of the upper snowpack [13] . In (4), echoes are modeled as the sum of contributions due to scattering from the snow surface (a Gaussian peak) and from the subsurface volume (an exponentially decaying tail). σ 0 surf and σ 0 vol , the integrals of the surface and volume scattering terms, describe their relative strength, while k e denotes the rate (in units of m −1 ) that the radar signal is attenuated as it travels into the snowpack. We note that the units of σ 0 surf and σ 0 vol are dependent upon the CryoSat-2 ice and ocean waveforms being normalized during the deconvolution procedure, in order to account for the differing strength of their respective returns. Because of this, we recover backscatter coefficients relative to a reference backscatter (that of the ocean echo used in the deconvolution). Together, these three parameters describe the scattering behavior of the snowpack and allow the estimation of the radar penetration depth, defined as the inverse of the extinction coefficient [10] . We estimate σ 0 surf , σ 0 vol , and k e from deconvolved CryoSat-2 L1b LRM echoes acquired across the interior of the Greenland Ice Sheet between January 2011 and December 2017. We limit our analyses to the region of the ice sheet interior above the 2000-m contour, in order to provide a continuous, ∼710 000 km 2 area in which the ice sheet surface slopes are low (approximately 0.1 • on average), which covers the entirety of the dry snow zone where the scattering horizon was reset in 2012 and which corresponds to 92% of the area sampled in LRM. Solutions to (4) where the scattering model fails to converge after 20 iterations (through minimizing the chi-squared error of the fit), and that yield unrealistic penetration depths of more than 10 m are excluded. To investigate spatial and temporal variations, we compute the mean values of each of the three scattering parameters within 25 × 25 km grid cells and within discrete-time intervals (see Fig. 2 ). To track temporal changes in penetration depth, we then average the data in monthly time intervals [see Fig. 3 (a)]. 
B. Elevation Change
A variety of retracking routines have been applied to satellite altimeter waveforms to improve the accuracy, precision, and stability of ice sheet surface height retrieval [3] , [15] , [28] . To assess the impact of the Greenland Ice Sheet surface properties, we compare the temporal variations in the radar penetration depth before and after significant melting events to changing surface heights estimated using conventional waveform retracking algorithms. To compute the latter, we use the measurements of ice sheet surface elevation determined using two waveform retrackers available in the Level 2i baseline-C product: 1) a model-based algorithm, known as the customer furnished item (CFI) land-ice retracker [29] , historically available in the baseline-B product and known to be sensitive to fluctuations in the scattering horizon [5] , and 2) a threshold offset center of gravity (TCOG) retracking algorithm, which selects a threshold power of 30% of the offset center of gravity amplitude. With these algorithms, we analyze the effects of variable radar penetration on the two main classes of retracker most commonly used in the literature: physically based (CFI) and empirically based (TCOG). While other empirical threshold retrackers have been used in previous studies and provide less weight to later delay times as they focus only on the leading edge of the waveform (see [3] ), we contrast the echo deconvolution to those included in the ESA Level 2i product. Time series of ice sheet surface elevation change are then generated from these measurements using a model fit [4] , [30] to separate spatial and temporal fluctuations within 5 × 5 km grid cells
where we model the elevation (z) as a function of the local surface terrain (x and y), satellite heading (h, which equals 0 or 1 whether the measurement was acquired on an ascending or descending pass, respectively), and time (t). We solve for the individual model coefficients using an iterative least-squares fit to minimize the impact of outliers and discard any unrealistic estimates from poorly constrained solutions based on a set of statistical thresholds that include a minimum of 40 data points, a time series length of at least 2 years, a maximum rootmean-squared difference of elevation residuals from the model of 12 m, a maximum elevation rate magnitude of 10 m/yr, and a maximum surface slope of 5 • . The resulting time series are then averaged within 25 × 25 km grid cells and across monthly intervals to allow comparison with the estimates of penetration depth obtained from the deconvolution procedure at the same location [see Fig. 3 (b)]. A resolution of 25 km has been selected as a balance between the spatial resolution and the number of measurements averaged to reduce noise in our monthly penetration depth time series. Within any given time series, we quantify the uncertainty at each epoch by computing the regional average of the standard error of height change measurements within all contributing pixels. We assume that this component is temporally uncorrelated; therefore, at any given epoch, we sum all preceding uncertainties in quadrature.
To obtain the error on the overall elevation change, we combine this uncertainty with the standard error of the rate of surface elevation change in quadrature in order to account for systematic errors that may affect the trend. Time series of ice sheet elevation change computed using conventionally retracked waveforms have exhibited seasonal cycles [31] [32] [33] and episodic shifts [21] that track changes in the echo properties, which have been interpreted due to the changes in the surface scattering [4] [5] [6] . To account for these, we first apply a correction based upon correlations between the changes in elevation and backscattered power [4] , [32] [see Fig. 3 
As an alternative approach, we also explore the use of the penetration depth determined from our deconvolution method as the basis for a volume scattering correction [see Fig. 3(b) ]. We do not, however, apply the penetration depth as an explicit correction to the L2 data, because the conventional waveform retracking routines have been designed in part to minimize the effects of volume scattering and the scattering correction may not be entirely due to fluctuations in penetration. Instead, we develop a surface scattering correction based on the ratio between changes in penetration depth and elevation and then apply the correction to retracked heights at each point in our elevation time series such that
where d H is the elevation change at each epoch, k −1 e is the radar penetration depth, and (d H/dk −1 e ) is the correlation gradient between the changes in elevation and penetration depth.
To complement the LRM data that survey the ice sheet interior, we also compute the time series of surface elevation change from CryoSat-2 measurements acquired in synthetic aperture radar interferometry (SARIn) mode around the ice sheet margin. In this mode, CryoSat-2 uses two receive antennas to determine the location of the POCA in the across-track plane through interferometry, with an along-track ground resolution of approximately 400 m [25] . SARIn elevation estimates are determined using the ESA Level 2 SARIn retracker, which fits an analytical model to each SAR waveform [11] , [29] . We then compute elevation trends using the same model fit [4] , [30] applied to measurements collected within 5 km grid cells, and only we preserve the trends at this resolution to better describe the complex topography of the ice sheet margins. We do not attempt to deconvolve the SARIn echoes as the terrain is not flat. Although this prevents us from estimating the penetration depth, we instead adjust the time series of elevation change to account for temporal variations in the degree of radar penetration using a correction based upon correlated fluctuations in elevation and backscattered power [4] , [32] .
Elevation trends in empty grid cells at elevations below 2000 m.a.s.l. are filled using an empirical model based upon latitude, elevation, and velocity change, all of which affect surface elevation change through temperature-related processes or ice flow [4] . We model the observed elevation trend as a function of latitude (l), elevation (z), and change in velocity (v)
which we then use to estimate trends in unobserved grid cells. The change in velocity was computed by differencing velocities recorded in 2008-2009 and 2000-2001 [34] , [35] . Where no velocity data are available, we use a model based on latitude and elevation only. Based upon the root-mean-squared difference of the residuals to the model fit, we estimate an average uncertainty in unobserved grid cells of 0.4 m/yr.
III. RESULTS AND DISCUSSION
To examine the effect of the 2012 melt event on elevation trends derived over varying timescales, we process data over two time periods: 1) 2011-2014, similar to the temporal extent of previous studies affected by melting [4] [5] [6] and 2) 2011-2017, which we expect to be less influenced by the 2012 melt event, given the longer duration of the record. We compare the rates of elevation change determined from the LRM and SARIn data to estimates derived from Operation IceBridge repeat airborne laser altimetry [36] . For our shorter 2011-2014 period, we remove any IceBridge elevation rates that do not span the melt event, any of which are outside the dry snow zone and any for which the repeat period is less than 2 years. In total, this accounts for 34% (821 000) of all IceBridge measurements acquired between 2011 and 2014. For the 2011-2017 period, we utilize all the available data to maximize the number of available comparisons. For both time periods, we bin the IceBridge measurements at a resolution of 25 and 5 km within the LRM and SARIn areas, respectively, and remove any grid cells sampled by less than ten IceBridge measurements where the standard deviation of laser altimetry elevation rates is greater than 2 m/yr. These filtering steps removed 12% and 15% of grid cells between 2011 and 2014 and 5% and 15% of grid cells between 2011 and 2017 in the LRM and SARIn zones, respectively. Overall, we compare the rates of elevation change in 135 and 3375 grid cells between 2011 and 2014 and 585 and 8788 grid cells between 2011 and 2017 in the LRM and SARIn zones, respectively.
A. Penetration Depth
Deconvolutions of CryoSat-2 LRM echoes acquired before and after the 2012 melt event (see Fig. 1 ) demonstrate a clear shift from a situation dominated by volume scattering (power within the decaying tail, delay times greater than zero), to scattering from near to the snow surface (specular peak, increased backscatter at delay times near zero). Variations in the shape of the original CryoSat-2 LRM echoes (see Fig. 1 ) are also visible, but disentangling the effects of surface contributions beyond the POCA and radar penetration is more difficult, as both redistribute backscattered power to later delay times in the leading edge [10] . By removing scattering contributions outside the POCA within a given radar footprint through the deconvolution procedure, the distribution of scattering with depth and surface roughness can be more clearly observed. In the 2013-2017 period, the deconvolved echoes show a continuous increase in volume backscatter, returning to the shape observed before the melt event [see Fig. 1(b) ].
Across the ice sheet interior as a whole, there is a twofold increase in the proportion of backscattered power returning from the ice sheet surface (σ 0 surf ) after the melt event, on average (see Fig. 2 ). In regions above 2000 m in altitude, we estimate that the radar penetration depth decreased by approximately 2.34 ± 1.41 m on average between the months before (January-June) and after (August-December) the formation of the new scattering horizon in July 2012 (see Fig. 2 ) (penetration depth uncertainties are defined to be one standard deviation of the spatial variability). In higher altitude areas above 2800 m.a.s.l. which experienced melting for the first time in the satellite era, we estimate an even greater reduction in Ku-band radar penetration depth of 3.21 ± 1.16 m. At lower elevation regions toward the south of the LRM zone (< 2500 m.a.s.l.), there is little change in the scattering horizon following the melt event (see Fig. 2 ). Using definitions of ice melt zones used in [4] and [37] , we find that this area is within the percolation zone, which typically experiences melt each summer [18] . In the percolation zone, there is no clear evidence of a coherent change in penetration depth following the 2012 melt event, with an estimated change of 0.25 ± 0.61 m. Excluding the percolation zone, the decrease in penetration depth in the dry snow zone following the 2012 summer melt event is 2.64 ± 1.16 m on average.
The effect of the 2012 melt event on CryoSat-2 elevation estimates has been previously assessed over Greenland [21] ; within a 90 000 km 2 area around the North Greenland Eemian Ice Drilling Project (NEEM) camp (see Fig. 2 ), an increase in the surface elevation of 1.24 ± 0.51 m was recorded across the period of the melt event. Our deconvolution of CryoSat-2 waveforms acquired in the same area shows a decrease in the radar penetration depth of 1.74 ± 0.76 m between the 30-day periods before and after July 11, 2012, the date of the maximum single-day melt extent [18] . Although the change in surface elevation and penetration depth are similar, they are not equivalent as a waveform retracker is applied to the elevation measurement to reduce the impact of volume scattering, and therefore, a lower elevation change is to be expected.
Following the formation of the new radar scattering horizon after the 2012 melt event, backscattered power increasingly shifts to the ice sheet volume year-on-year during subsequent years (see Figs. 1 and 2 ). An extreme melt event can be defined as one which produces more than 1 mm w.e./day of melting [38] . Between 1995 and 2015, the only melt event of such magnitude to affect the Greenland Ice Sheet interior was July 2012 [37] . Snowfall has since accumulated on the ice sheet surface, forming an increasingly thick new firn layer above the 2012 horizon. This change in a firn structure is consistent with the evolution of backscattered power, which has returned to its pre-melt event state over the same period. Continued increases in the proportion of volume scattering since 2015 suggest that no further melting significant enough to disrupt the Ku-band radar scattering horizon in the ice sheet interior has occurred within our study area. By comparing our yearly estimates of radar penetration depth to its pre-melt average (see Fig. 2 ), we estimate that by the end of 2017, the scattering horizon has lowered to a depth of 3.28 ± 1.13 m on average, to within approximately 0.5 m of that recorded before July 2012 (3.79 ± 1.12 m). At the regional scale, the step-like reduction in the average penetration depth across the interior of the ice sheet as a result of the 2012 melt event is clearly visible (see Fig. 3 ). By fitting a linear trend to the penetration depth time series between 2013 and 2017, we find that since the melt event, the radar scattering horizon has lowered by 0.4 m/yr, on average. Assuming that it continues at this rate, backscattered power from the ice sheet interior will return to near its pre-melt distribution by 2020, provided that there are no further extreme melt events of the scale recorded in 2012. We note that the rate at which the scattering horizon lowers is not equivalent to the downward velocity of the ice lens formed in 2012 and is dependent on the firn compaction rate in addition to the surface mass balance.
B. Elevation Change
To further explore the relationship between the fluctuations in penetration depth and elevation, we also examined the estimates of ice sheet elevation change derived from the ranges corrected using a variety of waveform retrackers [see Fig. 3(b) ]. When the CFI retracker is used (see Fig. 3 ), we observe a step-like increase in the elevation of 91 ± 17 cm over the summer of 2012, consistent with previous findings [21] . Although less sensitive to changes in volume scattering, we also observe a step increase of 21 ± 9 cm when a TCOG retracker is applied. A step of similar magnitude is also apparent in the elevation time series corrected for fluctuations in backscattered power, which does capture the changes in volume scatter coincident with the melt event. Although both retrackers lead to elevation changes that are small by comparison to the change in penetration depth [see Fig. 3(a) ], a step is still present. However, when the penetration depth is included as an additional factor in the elevation change retrieval (6) , the step is further reduced [see Fig. 3(b) ].
The degree of correlation between the changes in penetration depth and surface elevation is dependent upon a number of factors, including the waveform retracker, the time period considered, and the ice sheet location. For grid cells within the dry snow zone, changes in penetration depth account for, on average, 14% and 1% of the observed variance in elevations derived from the CFI and TCOG retrackers over the entire time period, respectively. In addition, a change in radar penetration depth of 1 m corresponds to a change of 0.21 and 0.06 m in the retracked height derived from the CFI and TCOG algorithms on average, respectively. Overall, there is higher spatial variability in the correlation between the changes in height and penetration depth for the CFI retracker than for the TCOG retracker (standard deviation of the Pearson correlation coefficient, R, of 0.18 and 0.10, respectively). In both cases, we find significantly higher correlation within the dry snow zone (reaching a maximum of R = −0.70 for CFI and R = −0.40 for TCOG). Within the percolation zone, we find little association between the changes in penetration depth and height for both retrackers (R = −0.05 for CFI and R = −0.01 for TCOG, on average).
The pattern of regional elevation change calculated over both time periods broadly agrees with the pattern derived from the sparse repeat airborne laser altimetry (see Fig. 4 ). Previously identified signals of ice thinning at individual glaciers and along the western margin (see [3] [4] [5] [6] ) are well resolved in both data sets. We find the highest rates of thinning at key marine-terminating glaciers known to be in a state of dynamical imbalance (e.g., Jakobshavn Isbrae, Kangerlussuaq, and Upernavik Isstrøm). Our longer seven-year survey period (2011-2017) reveals that these high rates of thinning (in excess of 2 m/yr) have persisted at these sites throughout the decade, in agreement with the laser altimetry. We also resolve losses resulting from seasonal melt in the ablation zone close to the ice sheet margin. We note that differences between the radar and airborne laser altimetry may arise due to the way in which we have constructed the reference data set. Although averaging the IceBridge trends calculated over multiple epochs provides superior spatial coverage, particularly in the ice sheet interior, we note that this may introduce some inter-annual variability in the elevation rates. Therefore, we do not expect to see an exact correspondence between the elevation rates measured by IceBridge and CryoSat-2 altimetry. Over short repeat periods, the laser altimetry may capture short-term changes that are smoothed out by the longer time interval used for the radar altimetry. For example, in our 2011-2017 data sets, it is possible that moderate thickening not seen in the radar altimetry but present in two flight lines in the northeast beyond the LRM boundary [see Fig. 4(j) ] is the result of short-term accumulation occurring between the laser survey dates (2013 and 2014).
Because the 2012 melt event is unique during the period of the CryoSat-2 data, its effect is more pronounced on rates of elevation change that are calculated over shorter time intervals (see Fig. 4 ). Over the full period of our survey (2011-2017), the differences between regionally averaged rates of elevation change in the interior of the Greenland Ice Sheet are 1 cm/yr, regardless of which retracker is used (CFI or TCOG) or if a penetration depth correction is applied. In contrast, over shorter periods, the 2012 melt event introduces a significant positive bias in rates of elevation change in the interior if uncorrected (see Fig. 4 ), as has been previously observed [5] , [6] . This bias is much more apparent for elevation rates calculated from the CFI retracker [see Fig. 4(a) ], which displays differences up to 42 cm/yr relative to the rates determined from the laser altimetry. However, once the changes in radar penetration depth have been accounted for using our penetration depth correction, the average elevation rate (2011-2014) within the LRM region is significantly reduced, from 14.6 ± 2.7 to 2.4 ± 2.6 cm/yr. When applying the penetration depth correction to TCOG elevation time series over the same time period, we also find that the elevation rate in the interior is reduced from 3.3 ± 1.4 to −0.2 ± 1.3 cm/yr, on average. For comparison, the average rate of elevation change computed from airborne surveys falling within the LRM zone and between 2011 and 2014 is −2.1 ± 4.2 cm/yr. Although the airborne data are sufficient to conclude that the penetration depth correction to both the CFI and TCOG elevation data is effective, their spatial distribution is too sparse to pick which of the corrected CFI and TCOG solutions are more accurate for deriving long-term elevation trends.
Examining rates of elevation change within the dry snow zone in more detail, it is clear that the penetration depth correction reduces the positive bias induced by the 2012 melt event in comparison to the airborne data (see Table I and Fig. 5 ), regardless of the retracker or whether the trends have been corrected for fluctuations in backscattered power. For the CFI algorithm, which is more sensitive to fluctuations in the radar scattering horizon, applying the retracker correction reduces the mean and standard deviation of the differences by 14 and 2 cm/yr, respectively, when compared with the uncorrected data. Although designed to be less influenced by such fluctuations, our penetration correction also improves the elevation rates derived from the TCOG algorithm, decreasing the mean difference and standard deviation by 4 and 1 cm/yr, respectively. These results are comparable to an intercomparison to a different subset of IceBridge data over a similar time period performed in a previous study [6] , which found a median difference of 1 cm/yr and a standard deviation of 32 cm/yr when accounting for the changes in the echo leading edge. Over the longer 2011-2017 survey period, both retrackers perform similarly well in all three scenarios when compared to the laser altimetry (see Table I ). In each case, the effect of the penetration depth correction is negligible due to the reduced effect of the melt event on elevation rates derived from longer time intervals. Over both time periods, we find reasonable agreement between the elevation rates derived from SARIn and laser altimetry (see Fig. 5 ). Between 2011-2014 and 2011-2017, we calculate a mean difference and a standard deviation of 25 and 75 cm/yr, and 9 and 51 cm/yr, respectively, a similar order of magnitude to previous studies where an evaluation against IceBridge laser altimetry has been performed [4] , [6] .
IV. CONCLUSION
By deconvolving CryoSat-2 low-resolution mode altimeter echoes, we are able to provide a record of spatiotemporal variability in the Ku-band radar backscatter and penetration depth over the interior of the Greenland Ice Sheet between 2011 and 2017. Within this record, we identify the melt event of 2012 as an isolated disruption to the radar scattering horizon, causing a widespread shift from volume to surface scattering and reducing the radar penetration depth by 2.34 ± 1.41 m on average in sectors of the ice sheet above 2000 m in altitude. Since then, a return to cooler atmospheric conditions [39] has allowed snowfall to accumulate across the interior of the ice sheet, and the scattering horizon has lowered, on average, to a depth of 3.28 ± 1.13 m close to that seen before the melt event.
We show that the changes in the penetration depth are correlated with the changes in surface elevation determined from retracked radar altimeter waveform echoes, with typically 6-21 cm of elevation change occurring per meter variation in penetration depth. Accounting for the positive bias induced in elevation trends leads to improved agreement with respect to airborne laser altimetry, especially when calculated over short (<4 year) periods. When using an empirical retracker correction based upon the changes in radar penetration depth, the mean bias is reduced by up to 14 cm/yr in the interior of the Greenland Ice Sheet. Over longer time periods, the correction is less important as the impact of the melt event on derived elevation trends becomes negligible. Elevation trends calculated from CryoSat-2 data processed with the TCOG retracker are much less affected by the changes in penetration depth than those processed with the CFI retracker. This paper provides a physical basis for temporal variations in ice sheet elevation recorded during episodic melting events and demonstrates an effective method to compensate for these signals through waveform deconvolution. Here, our approach requires the use of both Level 1 and 2 data products; in the future, implementing the waveform deconvolution within a Level 2 processor would allow fluctuations in penetration depth to be compensated for on an individual waveform basis.
